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Ion shadowing and blocking measurements indicate that the thermal expansion coefficient of a Pb
crystal is substantially enhanced at its (110) surface. This is evidenced by a decrease in surface contrac-
tion with temperature. The first atomic layer is shifted with respect to its truncated-bulk location by
—(15.4+' 2.5)% of a bulk spacing at 29 K, but by only —(3 ~ 5)% at 485 K.
PACS numbers: 65.70.+y, 61.80.Mk, 68.35.Bs
Nowadays, theoretical predictions and experimental
determinations of multilayer relaxation at low-index
metal surfaces are at a level of quantitative agree-
ment. ' In general, the first few interlayer distances are
relaxed, in a damped oscillatory manner. ' So far, most
experiments have been conducted at temperatures
sufficiently low that the neglect of thermal vibrations in
the theoretical treatment of relaxation appears justified.
As the temperature rises, however, the amplitude of lat-
tice vibrations increases and the anharmonic terms in the
interatomic potential become more important. Minimi-
zation of the anharmonic free energy of the crystal with
respect to the interlayer distances then leads to the pre-
diction of thermal expansion. As the thermal vibration
amplitude of atoms in the surface is much larger than in
the bulk, the thermal expansion coefficient is expected to
be enhanced at the surface, typically by a factor of 2 or
more.
While the phenomenon of thermal expansion as an im-
portant material property has been studied extensively in
the bulk, at the surface it has essentially remained un-
detected for lack of a direct probe of near-surface inter-
layer spacings. Analyses of low-energy electron dif-
fraction experiments, in which a value for the surface ex-
pansion coefficient was deduced from minor shifts in
Bragg peaks, proved largely unfounded, because
multiple-scattering effects were neglected. So far, a sin-
gle, indirect indication of enhanced thermal expansion at
a crystal surface has been obtained from spin-polarized
low-energy electron diffraction experiments, where a
temperature-dependent energy shift of the spin-
polarization pattern was found to be slightly larger than
the shift which was calculated for bulk expansion.
In this Letter the first direct evidence is presented for
anomalous thermal expansion at a crystal surface. Ion
backscattering measurements on the Pb(110) surface re-
veal a strong lattice contraction at low temperature: At
29 K the shift hdtb/d of the first layer with respect to its
truncated-bulk position equals —(15.4 ~ 2.5)% of the
bulk spacing. Upon heating, the contraction decreases
(i.e., the surface expands) nonlinearly to &d~b/d= —(3
~ 5)% at 485 K, at which temperature the surface be-
comes partially disordered. ' The data are suggestive of
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FIG. 1. Side view of the (111)scattering plane perpendicu-
lar to the Pb(110) surface. Bulk lattice sites are indicated by
open circles. Solid circles denote atoms in a contracted top
layer. The principle of the measurement is schematica11y
shown. The vertical lines denote the directions of the [011]
and [123] bulk crystal axes at 30' and 10.9', respectively (at
each temperature the direction of the [01 1 l bulk axis was mea-
sured to within ~ 0.03', and used as a reference angle).
a correlation between the vanishing contraction and the
onset of surface premelting effects, as predicted by Jay-
anthi, Tosatti, and Pietronero.
Pb specimens were spark cut from a single-crystal Pb
bar. Chemical polishing and sputter cleaning in ul-
trahigh vacuum at elevated temperature produced a
well-ordered surface, free from impurities. The crystal
container was connected, via a Cu braid, to a He-Aow
cryostat, " with which crystals were cooled to 29 K
within 9 min. Crystals were heated by electron bom-
bardment or radiative heating of the back of their con-
tainer.
The experimental technique of ion backscattering in
conjunction with shadowing and blocking has been de-
scribed previously. ' Figure 1 illustrates the principle of
the relaxation measurement. A parallel beam of 97.6-
keV protons is aligned with the [101]axis of the Pb crys-
tal. In this geometry, the large surface contraction
makes the Pb atoms in the first and the second layers ful-
ly visible to the impinging protons. Atoms in deeper lay-
ers are shadowed and hence contribute much less strong-
ly to the backscattering yield. Protons backscattered
from atoms in the second layer are blocked on their way
1987 The American Physical Society 401
VOLUME 58, NUMBER 4 PHYSICAL REVIEW LETTERS 26 JANUARY 1987
out by the top-layer atoms in directions near the [011]
and [123] crystal axes. A toroidal electrostatic energy
analyzer records simultaneously the surface backscatter-
ing yield Y (Fig. 1) over a 20' range of scattering angles
around a given blocking direction. The yields are cali-
brated to within ~ 3% to give the number of visible Pb
monolayers as a function of exit angle a, i.e., the "sur-
face blocking pattern. " Surface relaxation gives rise to
an angular shift ha of the surface blocking pattern with
respect to the bulk crystal axis.
If the atoms in the third and deeper layers are perfect-
ly shadowed, as is the case for very small thermal vibra-
tion amplitudes, the percentage change in the first inter-
layer spacing hd i2/d follows immediately from the
geometric relation Ad i 2/d = tan (ab + Aa)/tan (ab ) —1,
where ab is the angle of the corresponding bulk axis with
respect to the surface plane. The bottom curve in Fig. 2
is the surface blocking pattern measured in the geometry
of Fig. 1 at a temperature of 29 K. At this temperature,
the bulk vibration amplitude a~ equals 0.057
which is close to the zero-point value of 0.043 A. At exit
angles a between 12 and 20, and at a above 30, the
first two atomic layers are fully visible to the ion beam
and detector. Around 25.1' and 8.8' the backscattering
yield from the second layer is almost entirely blocked.
From the angular shifts of ha= —4.9 and —2. 1 of
these surface blocking directions with respect to the cor-
responding [011] and [123] bulk axes, we calculate a
surface contraction of d,di2/d = —19%. A small correc-
tion is made to account for the fact that the average
inflection point of protons backscattering from second-
layer atoms lies somewhat closer to the surface than the
second-layer atoms themselves. ' ' This results in
Ad|2/d = —17.2%. The measurements are also sensitive
to hd23/d (as a result of a 0.06 visible-layer backscatter-
ing contribution from the third layer), and to the ratio S
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FIG. 2. Surface blocking patterns (circles), measured with
97.6-keV protons, in the geometry of Fig. 1, at temperatures of
29, 295, and 485 K. Curves are the best-fit results of Monte
Carlo computer simulations (see text).
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between surface and bulk vibration amplitudes. To ex-
tract this extra information from the data, Monte Carlo
computer simulations of the backscattering experiment '
were performed for a range of assumed relaxation pa-
rameters and vibration amplitudes. ' The best fit to the
experimental data was obtained for Ad i2/d = —(17.2
~ 0.5)% hd23/d =+ (8.0 ~ 2.0)% and 5 =1.5 ~ 0.1.
The fit is shown in Fig. 2 by a solid curve. It closely
matches the experimental data over the entire range of
exit angles. Recently, a total-energy minimization calcu-
lation, based on pseudopotential theory of simple metals,
has been performed to predict surface relaxation param-
eters for Pb(110) at T=O. ' The theoretical values of
ddi2/d = 15.9%, hd23/d =+7.9%, hd34/d = 6.8%,
and Ad45 =+0.7% (deeper-layer relaxations are negligi-
ble) are in excellent agreement with experiment. Com-
plementing our experimental values for hd i2/d and
dd23/d with the theoretical values for Ad34/d and hd4s/d,
a net relaxation of hd ib/d =phd;;i |/d = —(15.4
~ 2.5)% is obtained. The 2.5% error margin is the sum
of the experimental uncertainties in Ad|2/d and Ad23/d.
At high temperatures, the large vibration amplitudes
(ab =0.18 and 0.24 A at 295 and 485 K, respectively' )
cause the backscattering contributions from third- and
deeper-layer atoms to increase substantially. These con-
tributions are blocked in directions which depend not
only on hdi2/d but also on hd23/d, hd34/d, etc. The re-
sulting surface blocking pattern is in general asymmetric
and the angular shift h, a of its minimum takes an inter-
mediate value which corresponds to a linear combination
of Ad|2/d, dd23/d, etc. A geometric analysis in terms of
the individual relaxations is then no longer tractable. At
a temperature of 295 K (Fig. 2, middle curve) the asym-
metry of the minimum is strong enough that individual
relaxations can be determined by a comparison of the
measured blocking patterns with Monte Carlo simula-
tions. The analysis of the surface blocking measurement
at 295 K has been presented elsewhere. ' The blocking
patterns were found to be sensitive to Ad|2/d and to a
linear combination of Ad23/d and hd34/d. The best fit
(Fig. 2) was obtained for hdi2/d = —(15.8 ~ 2.5)%,
dd23/d+0. 75hd34/d =+(0.5+ 2.5)% and S =1.5
+ 0.1. Within the error margins, the relaxation parame-
ters correspond well with both the theory and the experi-
mental relaxation at 29 K. Note that the large angular
shift of the surface blocking minimum relative to the one
of 29 K does not reflect a temperature-dependent relaxa-
tion effect, but instead an increased sampling over deeper
layers. Combining the 295-K value for Adi2/d with the
29-K value for Ad23/d and the theoretical values for
dd34/d and hd4s/d, we find hdib/d= —(14.0~4.5)%
at this temperature. The error bar again reflects the sum
of the uncertainties in the experimental relaxations.
Finally, at 485 K more than ten layers contribute to
backscattering, resulting in a yield of —5 visible layers
outside the blocking direction (Fig. 2, top curve). The
nearly symmetric blocking pattern is much less sensitive
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to the individual relaxations than the patterns at lower
temperature. Its blocking is essentially determined by
the sum of the multilayer relaxations, i.e., the net relaxa-
tion dd~b/d .To facilitate a comparison with Monte
Carlo simulations, the same data are plotted in Fig. 3 on
an expanded angular scale. The dashed curve in Fig. 3
shows the surface blocking pattern which was simulated
with the assumption of the low-temperature structure
Ad~2/d = 17.2%, Ad23/d =+8.0%, hd34/d = 6 8%. ,
and bd4s/8=+0. 7%%uo, i.e., Ad~b/d= —15.4%%uo. The ratio
between surface and bulk vibration amplitudes was again
taken as S = 1.5. The measured surface blocking
minimum occurs at a 0.2 higher exit angle than the
simulated one (dashed curve). This small difference is
significant in view of the fact that the experimentally
determined angles are calibrated to within 0.03 . Also
for other sets of relaxation values chosen within the error
margins of the experiments at 29 and 295 K, the simu-
lated minima do not fit the angular position of the mea-
sured one. The simulations produce the minimum at the
correct angle only if the net relaxation hd~b/d is taken to
be —(3 ~ 5)%. The best fit for Ad~b/d = —3% is shown
in Figs. 2 and 3. The error margin reflects the maximum
variations in Ad~b/d as a result of experimental uncer-
tainties in the calibration, the value of S, and the bulk vi-
bration amplitude crab. It is concluded that the surface
undergoes an enhanced thermal expansion of b(hd~b/d)
=(—3) —( —15) =12% over the temperature range be-
tween 29 K and 485 K. Since the measurement at 485 K
is insensitive to the individual relaxation values Ad;;~;/d,
we cannot determine whether this expansion is confined
to the first interlayer distance, or distributed over several
interlayer distances. Theoretically, the excess thermal
expansion is expected to be largely concentrated in the
first. Note that our method of measuring temperature-
dependent relaxations is not sensitive to bulk thermal ex-
pansion, but exclusively to the diff'erence in expansion
between surface and bulk.
In Fig. 4 the relaxation Ad~b/d is plotted as a function
of temperature. Besides the values obtained from the
blocking patterns in Fig. 2, three other values are shown
for intermediate temperatures. Although the error bars
in Fig. 4 partly overlap, the surface relaxation
definitively shows a trend towards a reduced contraction
at high temperatures. Blocking patterns measured at
temperatures between 485 K and the melting point
(600.7 K) have not been examined for hd~b/d, since at
these temperatures the surface is no longer well ordered,
as a result of surface premelting. ' At 485 K the surface
disorder is evident as a small uniform increase in surface
backscattering yield by —1/10 monolayer (Ref. 10 and
Fig. 4). These few disorderly positioned atoms do not
influence the blocking effect which originates from the
ordered part of the surface region.
In the temperature range considered, bulk Pb has an
almost constant thermal expansion coefficient of
28x10 K ', ' and so the bulk expands by no more
than 1.3% between 29 K and 485 K. If the surface ex-
pansion coefficient is also constant with temperature, the
observed changes in relaxation correspond to a surface
expansion coefficient which is 3.5 to 12 times higher.
The data in Fig. 4 suggest, however, that the surface ex-
pansion coefficient is not constant, but increases non-
linearly at high temperature. A similar behavior was
predicted recently by Jayanthi, Tosatti, and Pietronero
in a theoretical study of Cu surfaces. It was argued in
this study that a rapid increase in surface expansion is a
consequence of strong surface anharmonicity, leading
eventually to an instability at the surface and premelting
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FIG. 3. Surface blocking pattern measured at 485 K (cir-
cles), plotted on an extended angle scale. The solid curve is the
best fit for hd~b/d —3%%uo, discussed in the text The dash. ed
curve is the result of a simulation for the low-temperature
structure with dd ~b/d —15.4%.
FIG. 4. The temperature-dependent relaxation hd~b/d of
the first layer with respect to its bulk-truncated position. Ar-
rows indicate the bulk Debye temperature Pp and the melting
point T . A surface thermal expansion equal to the bulk ex-
pansion would result in the dash-dotted line. The surface
premelting temperature regime (Ref. 10) is hatched. The
dashed part of the hatched region marks temperatures where
the surface region contains a small number of disorderly posi-
tioned atoms, increasing from the equivalent of 0.1 to 0.5
monolayer.
403
VOLUME 58) NUMBER 4 PHYSICAL REVIEW LETTERS 26 JANUARY 1987
of the first layer. Interestingly, above -485 K, at which
temperature the contraction of Pb(110) is seen to have
almost vanished, the Pb(110) surface is also known to
become gradually disordered and to exhibit premelting '
(indicated as hatched area in Fig. 4). The present data
suggest that there indeed exists a correlation between the
loss of surface contraction and the onset of disordering
(premelting). This intriguing issue needs to be further
explored.
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